Context. The Orion complex is arguably the most studied star-forming region in the Galaxy. While stars are still being born in the Orion nebula, the oldest part was believed to be no more than 13 Myr old. Aims. In order to study the full hierarchy of star formation across the Orion complex, we perform a clustering analysis of the Ori OB1a region using new stellar surveys and derive robust ages for each identified stellar aggregate. Methods. We use Gaia DR2 parameters supplemented with radial velocities from the GALAH and APOGEE surveys to perform clustering of the Ori OB1a association. Five overdensities are resolved in a six-dimensional parameter space (positions, distance, proper motions, and radial velocity). Most correspond to previously known structures (ASCC 16, 25 Orionis, ASCC 20, ASCC 21). We use Gaia DR2, Pan-STARRS1 and 2MASS photometry to fit isochrones to the colour-magnitude diagrams of the identified clusters. The ages of the clusters can thus be measured with 10% or better precision. Results. While four of the clusters have ages between 11 and 13 Myr, the ASCC 20 cluster stands out at an age of 21±2 Myr. This is significantly greater than the age of any previously known component of the Orion complex. To some degree, all clusters overlap in at least one of the six phase-space dimensions. Conclusions. We argue that the formation history of the Orion complex, and its relation to the Gould belt, must be reconsidered. A significant challenge in reconstructing the history of the Ori OB1a association is to understand the impact of the newly discovered 21 Myr old population on the younger parts of the complex, including their formation.
Introduction
The Orion complex often serves as a proxy for a large star forming region. Its proximity (∼ 350 pc), size (> 10 4 stars) and a mix of stars and gas at different evolutionary stages make the Orion complex an ideal place to study star formation and evolution, the destruction of young clusters and associations, the evolution of dense molecular clouds, and the interaction of the ISM with stars and supernova explosions (Bally 2008) . Indeed, much of what we understand today about star formation has come from detailed studies of the Orion complex (Krumholz, McKee & BlandHawthorn 2019, in preparation) .
The Orion complex forms part of the Gould belt (Poppel 1997) , a large (∼1 kpc), young (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , ring-like structure tilted ∼ 20
• to the Galactic plane that was discovered by Herschel in 1847. It can be observed as a concentration of young stars and molecular gas. Different scenarios for the formation of the Gould belt are found in the literature, like collisions of in-falling gas clumps from a Galactic fountain (Bally 2008) or a collision of one large high velocity cloud (Comeron & Torra 1994) with the local interstellar medium (ISM), possibly even a dark matter cloud (Bekki 2009) . A globular cluster could have acted in the same way (Bobylev & Bajkova 2018 ).
The Orion complex shows a rich substructure (illustrated in Figure 1 ) and an age gradient, suggesting the star formation was triggered by an external event after the formation of the Gould belt and then spread throughout the region aided by feedback from the first-born stars (Lee et al. 2005) . The Ori OB1 association represents the main part of the complex and is fur- ther divided into four parts; above Orion's belt is Ori OB1a, in Orion's belt is Ori OB1b, around Orion nebula is Ori OB1c and the stars in the centre of the nebula form Ori OB1d (Blaauw 1964) . Ori OB1a is the oldest region, until now believed to be up to 13 Myr old (Briceño et al. 2007; Downes et al. 2014; Zari et al. 2017; Suárez et al. 2017; Kounkel et al. 2018; Briceno et al. 2018 ) with an age spread of around 5 Myr (the value varies significantly in the literature, probably due to measurement uncertainties and pollution from younger parts of the association). The Ori OB1a association shows several overdensities when projected on the sky (Kharchenko et al. 2013) . The most prominent one is called the 25 Ori group, or ASCC 16 in Kharchenko et al. (2013) , which was until now believed to be the oldest structure in the complex (Zari et al. 2017) .
A meaningful separation of the Ori OB1a association into distinct groups using clustering algorithms 1 has only become possible in the Gaia era. The overdensities have been catalogued before (Kharchenko et al. 2013; Zari et al. 2017) , but the clusters are superimposed so precise proper motions and distances are needed to disentangle them (Kounkel et al. 2018 ). Here we focus our effort on the oldest part of the complex -Ori OB1a only. To understand the early bursts of star formation in Ori OB1a it is essential to resolve the oldest population of stars. In the past the age spread of Ori OB1a has been measured, but not much effort has been put toward clustering the association and checking whether the age spread is due to continuous star formation or due to a few bursts. Precise Gaia photometry also helps with measuring the ages of the clusters.
Triggered star formation is the prevailing theory of star formation in the Orion complex (Cunha et al. 1995) . With the advance of massive spectroscopic surveys measuring chemical abundances of a large number of stars and covering all structures in the complex, it could also be established whether the older populations of stars chemically enriched the younger ones. This is supported by the chemical gradients observed in the complex (D'Orazi et al. 2009; Biazzo et al. 2011 ), but a complete hierarchy inside the complex will have to be resolved, including the recent history and dynamical interactions, before this can be proved. Our work shows that basic building blocks can be resolved in the Orion complex and a careful clustering analysis can reveal structures that are extremely important for the understanding of the history of the Orion complex and were missed in past research.
Data
The Gaia DR2 (Gaia Collaboration et al. 2018) catalogue is complete between G=12 and 17 and almost complete at brighter magnitudes. Only a few of the brightest Ori OB1 stars are missing. While they would improve the analysis presented here, there is no practical way to include them, as no photometric measurement exists for them in Gaia bands. Gaia DR2 includes qualitatively and quantitatively unprecedented photometry. G magnitudes have an uncertainty of < 0.001 magnitude for almost all stars with G<17 and the uncertainty of the BP-RP colour is < 0.01 for almost all stars with G<16. In this work we also use Pan-STARRS1 (Flewelling et al. 2016 ) magnitudes. Their uncertainty is around 0.01 mag for virtually all stars used in this work (Magnier et al. 2013) . 2MASS is used as well and the uncertainty Fig. 1 . Star map of the the Orion complex. Gaia DR2 stars in the Ori OB1 distance range (1.9 < < 3.5 mas) are plotted in grey. Stars that also share Ori OB1's proper motions (−3.5 < µ < 3.5 mas yr −1 for both components) are plotted in red. There are four main OB associations in Orion: λ Ori association is centred on the star of the same name. Just above Orion's belt is Ori OB1a, in Orion's belt is Ori OB1b, around the Orion nebula is Ori OB1c and the stars in the centre of the nebula form Ori OB1d. Some open and embedded clusters associated with the complex are also marked. Fields observed in the GALAH survey are marked with blue circles. The Ori OB1a region as used in this paper is marked with a green polygon. Black lines show the constellations Orion and Eridanus.
for the stars used in this work is < 0.03 mag (Skrutskie et al. 2006) . Stars in the Gaia DR2 catalogue have been cross-matched with Pan-STARRS1 and 2MASS using Xmatch by CDS. More than 90% of stars are found in all three catalogues.
Only two quality cuts were used in the selection of Gaia data: σ µ < 0.35 mas yr −1 and σ < 0.2 mas.
Gaia radial velocities are only available for 7% of Ori OB1a stars with an average uncertainty of 4.9 km s −1 . This is enough to resolve members of the association from the field stars. It is, however, more than an order of magnitude worse than the precision of Gaia's proper motions. For the benefit of clustering, we supplemented the Gaia radial velocities with GALAH DR2 radial velocities (Buder et al. 2018; Zwitter et al. 2018 ) and APOGEE DR14 radial velocities (Abolfathi et al. 2018) , where available. Both spectroscopic surveys have a narrow magnitude selection function, so radial velocities are expected to exist only for a limited number of stars. However, because the surveys also observe stars with no Gaia radial velocities, they both supplement and/or improve Gaia's radial velocities. 56 stars used in this work have only GALAH radial velocities and additional 53 have APOGEE radial velocities. They are much more precise than Gaia's at a typical uncertainty of 0.3 km s −1 .
There is no strict definition of Ori OB1a, as the components of the Orion complex are superimposed onto each other. We deArticle number, page 2 of 26 Janez Kos et al.: Discovery of a 21 Myr old stellar population in the Orion complex fine the region of interest by a polygon described by vertices:
Clustering Ori OB1a
Even at first glance obvious substructures are visible in the Ori OB1a association. Our goal was to cluster the Ori OB1a stars into groups that represent real building blocks of the association and are not just apparent overdensities with no physical relation between stars. Different parts of the association significantly overlap in the 6D space (α, δ, µ α , µ δ , , v r ). This is partially due to measurement uncertainties, but mostly due to the dynamical processes and the nature of the star-forming region. As a consequence, an automatic clustering analysis is difficult. We tried several clustering methods (agglomerative clustering (Pedregosa et al. 2011 ), hierarchical DBSCAN (McInnes et al. 2017 , robust single linkage (McInnes & Healy 2017)) with very limited success. Their clusters varied too much in size, were unstable to small parameter variations, and sometimes had unnatural shapes. The only one that produced reasonable results was ENLINK (Sharma & Johnston 2009 ). However, we use a simpler approach here, as ENLINK could not readily be modified to accommodate a custom metric and include radial velocities. Our simple procedure is able to replicate ENLINK clustering, but requires manual initialisation. Clusters are first found heuristically by selecting different regions in the 6D space until a number of clearly separated, ovalshaped clusters are found. How the 6D space was partitioned and the clusters we found in this step are shown in Figure 2 , top panels. In the (α, δ) plane we used regions marked as clusters ASCC 16, ASCC 18, ASCC 20, and ASCC 21 in Kharchenko et al. (2013) and added a region marked as ASCC 21a where we observed another overdensity.
Such heuristic clusters are very unnatural -they are not allowed to overlap (at least not in all dimensions) and have subjectively determined boundaries. We fix this in the next step by finding the nearest cluster centre for each observed star. A custom metric for measuring distances between stars and cluster centres in 5D space is:
where r = (α, δ).
The first term is a great circle distance between two points on the sky, the second term is distance in the proper motion plane, and the third term is an absolute difference in parallaxes between two stars. Bars denote a mean value for a cluster (cluster centre). All three terms are made non-dimensional and have weights applied to them, so each dimensionless term is in the same order of magnitude for Ori OB1a stars. The values of the weights are not critical and do not have to be fine-tuned. All stars within d < 3.1 of at least one cluster are re-labelled as members of the nearest cluster. Unlike the heuristic clustering, clusters can now overlap in any dimension and only the maximum size of the cluster (d = 3.1) is artificially introduced. d = 3.1 was chosen, so the clusters are as large as possible without introducing too much pollution from field stars. One can see from the radial velocity distribution in Figure 2 , second panel from the top, that the clustering would benefit if the radial velocity were taken into account, where possible. The metric must be modified to include that:
The 3/4 factor makes the distances with or without the radial velocity term comparable, because a distance is always larger, if more terms are added. Since all four terms are normalised to the same dimensional scale, the distance with four terms would be 25% larger in average. After the last step the cluster centres were recalculated and a few iterations of the above process were made. This step is similar to the K-Means algorithm, but allows for unclustered stars and forces the cluster to be fairly circular in 6D space. Final clusters are shown in Figure 2 , bottom panels. Parameters of the final five clusters are collected in Table 1 . Note that the cluster ASCC 18 is shifted with respect to the values in Kharchenko et al. (2013) .
We plotted the stars from all five clusters on an HR diagram (Figure 3 ) to verify the accuracy of the clustering method. Ori OB1a stars are expected to lie on a pre-main sequence (PMS), so any star on the main sequence is a mis-identified cluster member. We estimate that less than 5% of stars were misidentified. All stars more than 0.1 magnitude away from the fitted isochrone (or the binary sequence) on a Gaia HR diagram were rejected as mis-identified field stars and are not shown in Figure 3 .
Cluster ages
We fitted PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014; Tang et al. 2014) to Gaia DR2, Pan-STARRS1 (Flewelling et al. 2016) , and 2MASS (Skrutskie et al. 2006) magnitudes to obtain the age, photometric metallicity and extinction of each cluster. These three parameters are too degenerate to be fitted individually to each cluster, so we assumed the same metallicity ([M/H]=0.03) and extinction (A V = 0.25) for all five clusters in order to constrain the individual ages. The values of metallicity and extinction were obtained by fitting isochrones with similar metallicity and extinction as found in the literature (e.g. D 'Orazi et al. 2009; Kharchenko et al. 2013; Green et al. 2018) . The best matching isochrones are plotted in Figure 3 using Gaia magnitudes. Most Ori OB1 stars are PMS stars, so the age can be best constrained from a strong correlation between age and distance to the zero age main sequence (ZAMS) for K and M dwarfs, and the point where the PMS merges with the ZAMS. Both regions are enhanced in Figure 3 . There are fewer stars in the latter region, but the isochrones are not as well established in the former region. The region where PMS isochrones touch the ZAMS is therefore most useful for constraining the absolute age, and the K and M dwarfs can be used to identify differential age between five clusters. The isochrones have been fitted by eye and we claim a statistical age uncertainty of less than 10%. Stars on the ZAMS (above M G = 2) can be used to constrain extinction and metallicity.
We can clearly distinguish a significantly older age of ASCC 20, but also detect an age difference of 2 Myr between ASCC 21 and the other three clusters. The age determination could be improved, if unresolved binary stars (because they have a brightness offset proportional to the luminosity excess compared to a single star) and fast rotating stars (because their luminosity depends on rotational velocity and inclination (Maeder & Meynet 2000; Georgy et al. 2013) Only stars between −3.5 < µ α cos (δ) < 3.5 mas yr −1 , −4.5 < µ δ < 4 mas yr −1 , and 1.9 < < 3.5 mas are plotted. Yellow circles mark associations in Kharchenko et al. (2013) . The circle marked as ASCC 21a was added by us. Blue filled circles mark fields observed in the GALAH survey. Middle: The proper motion plane. Only stars inside the green polygon from the left-hand panel are plotted. Red and blue polygons mark two distinct proper motion groups that we use in heuristic clustering. Top-right: Distribution of stars' parallaxes inside the green polygon (grey line). Bottom-right: Distribution of stars' radial velocities inside the green polygon (grey line). Only a fraction of stars have radial velocity measured in Gaia DR2. For stars observed in the GALAH and APOGEE surveys, we use the radial velocities measured by them. Distributions for individual groups are shown with the matching colours.
where the PMS merges with the ZAMS. This can be done from spectroscopic observations, but spectra are available only for a small number of stars.
Within individual clusters we observe no age spread that could not be explained by measurement uncertainties (in addition to the unresolved binaries and fast rotators discussed above). For Gaia and Pan-STARRS1 magnitudes it is due to parallax uncertainties (they translate into ∼ 0.08 absolute magnitude error) and for 2MASS magnitudes the actual magnitude uncertainty is also important.
Discussion
Differential extinction in Ori OB1a is relatively low (σ A V = 0.05) (Green et al. 2018 ), allowing precise age determination without correcting the magnitudes of individual stars for their ex- act extinction (which is rarely well known). The extinction also increases with distance, but the difference between the nearest clusters (ASCC 16, ASCC 21, ASCC 21a) and the farthest cluster (ASCC 18) would be ∆A V = 0.06, if the extinction uniformly increased inside the association as 3D extinction maps show (Green et al. 2014 (Green et al. , 2018 Lombardi et al. 2011; Capitanio et al. 2017 ). We did not take this into the account when calculating ages, but a difference in age would be < 0.25 Myr. ASCC 20 pushes the age of the Orion complex closer to the estimated age of the Gould belt, but does not exceed the lowest age of the Gould belt found in the literature (Perrot & Grenier 2003) . ASCC 20 does not stand out only due to its age. Its kinematics are peculiar in respect to most stars in Ori OB1a. It is slightly more distant than most ORi OB1a stars, but its velocity shows that it used to be closer to the rest of the Ori OB1a stars a few million years ago. It is likely the ASCC 20 stars were born away from other clusters (although still inside the Orion complex) and interacted with them later. Orbit integration of stars inside the associations is beyond the scope of this paper and we plan to study the mentioned interaction in future work.
Our clustering algorithm has a built-in maximum size of the cluster in the six dimensional space. Since the maximum size must be low enough to prevent pollution from field stars or from other associations nearby, it can also exclude possible members of the clusters in question that could be detected with other methods, either by a different clustering method or by using a different parameter space. Some members, for example, could be found far from the cluster centre due to a peculiar velocity . Using orbital parameters in place of the six dimensional parameter space could solve this, but due to a lack of radial velocity measurements it can be done only for a small sub-sample of stars, statistically too small to provide reliable ages further in the analysis.
Our highly supervised clustering worked extremely well in a crowded region of Ori OB1a. Any degeneracy between the clusters is well resolved, so only a few stars might have wrongly assigned clusters. On top of that the pollution from field stars is extremely low, which we verified with the initial HR diagrams. We advise against unsupervised clustering algorithms that are not specifically designed to cope with many dimensions and clusters of different sizes, densities, and large overlap.
Precise ages, successful clustering, Gaia parameters and stellar parameters from the APOGEE (Cottle et al. 2018 ) and GALAH (Buder et al. 2018 ) surveys have immensely increased the amount of available data in a short time. The first comprehensive studies that connect gas, dust, stellar kinematics, ages, a three-dimensional view and chemistry are expected to emerge in the future.
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